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ABSTRACT 
A practical, biologically motivated case of protein complexes 
(immunoglobulin G and FcRII receptors) moving on the surface of 
leukocyte cells, that are common parts of an immunological 
system, is investigated. These proteins are considered as 
nanomachines creating a large nanonetwork. Accurate molecular 
models of the proteins and the fluorophores which act as their 
nanoantennas are used to simulate the communication between the 
nanomachines when they are close to each other. The theory of 
diffusion-based Brownian motion is applied to model movements 
of the proteins. It is assumed that fluorophore molecules send and 
receive signals using the Förster Resonance Energy Transfer. The 
probability of the efficient signal transfer, the respective bit error 
rate, and the communication channel capacity are calculated and 
discussed. 
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performance evaluation •Networks~Mobile networks •Computing 
methodologies~Molecular simulation.  
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1. INTRODUCTION 
Nanocommunication is a rapidly expanding area of communication 
sciences, trying to facilitate the development of nanotechnology. 
Future nanorobots and nanomachines will have to communicate 
with each other, so there is an urgent need for designing 
communication schemes proper for such tiny devices. In the recent 
years, some techniques have been proposed, most of them based on 
the following two approaches: scaling down the technical solutions  
 
Fig. 1. FRET communication channel and transmission 
probabilities for bits ‘0’ and ‘1’. 
existing in wireless and wired communications or adapting the ones 
already present in biological systems. Most of these techniques are, 
however, still not feasible to be realized in nanoscale (miniaturized 
transceivers and antennas) or they are very slow because of their 
considerable propagation delay (calcium signaling, moving 
bacteria, molecular motors). 
One of the most promising nanoscale communication techniques is 
based on Förster Resonance Energy Transfer (FRET). The FRET 
phenomenon for the nanocommunication purposes was proposed a 
few years ago [11, 7, 6] and studied both theoretically and 
experimentally [15, 8, 13]. FRET is characterized by small 
propagation delays, usually few dozens of nanoseconds, and allows 
for transmissions of data streams with bit rates of several Mbit/s. It 
has also been recently shown that the main drawback of FRET, 
which is its quite high bit error rate (BER), may be decreased by 
using multiple nanoantennas, creating the so called MIMO-FRET 
communication channels [15]. 
In this paper, we investigate a scenario of mobile nanonodes 
communicating via FRET. While a theoretical analysis of mobile 
FRET-based nanonetworks has been already presented in [5], here 
we investigate a practical, biologically motivated case of protein 
complexes (immunoglobulin G molecules and their receptors) 
moving on the surface of a leukocyte cell. Leukocytes are common 
parts of an immunological system of each human or animal body. 
There are, on average, 40 thousand protein complexes on the 
surface of each cell. These proteins constantly move fueled by 
Brownian motion; they approach each other, creating opportunities 
for communication. We consider them as nanomachines creating a  
 
 Fig. 2. Antibodies with attached Fc receptors. 
 
 
Fig. 3. Fluorophores mounted on antibodies. 
 
large nanonetwork. We use accurate molecular models of the 
proteins and the fluorophores which act as their nanoantennas. With 
these models, we simulate the communication between the 
nanomachines when they are moving close to each other. We 
calculate the probability of the efficient signal transfer, the 
respective bit error rate, and the communication channel capacity. 
The rest of the paper is organized as follows. In Section 2, the basics 
of the FRET-based communication are introduced together with the 
FRET channel model. The biological aspects of the analyzed 
mobile nanonetworks are presented in Section 3. The details of the 
simulation scenario are provided in Section 4. In Section 5, the 
results of the FRET efficiency are shown. In Section 6, the 
respective bit error rates and channel capacity are calculated. 
Finally, Section 7 concludes the paper.  
2. FRET BASICS 
The Förster Resonance Energy Transfer is a physical phenomenon 
where an excited molecule, called donor, non-radiatively passes its 
energy to another molecule, called acceptor, located in its vicinity. 
Both molecules must be spectrally matched, i.e., the donor 
emission spectrum should overlap, at least partially, with the 
acceptor absorption spectrum. Such a pair of molecules may be 
seen as a wireless communication system: the donor is a transmitter 
antenna and the acceptor plays the role of the receiver antenna. In 
general, if the donor is excited, it may return to its ground state in 
two ways: emitting a photon or via FRET. The probability of FRET 
is called FRET efficiency and is given by the following formula: 
 =  +  (1) 
where r is the donor-acceptor separation and R0 is the so-called 
Förster distance which is a parameter characteristic for each pair of 
two molecules, depending on their emission/absorption spectra. 
The FRET efficiency strongly depends on the separation between 
the donor and the acceptor: if r = R0, EFRET equals 50% and it 
decreases with the sixth power of that distance. 
The probability of successful transmission may be increased if 
there are more molecules involved, i.e., more donors and acceptors 
at both sides of the communication channel. Having all the donors 
excited at the same time, it is enough that one of them passes its 
energy to an acceptor, then the signal is successfully sent via the 
communication channel. The FRET efficiency with one donor and 
m acceptors is known as [15]: 
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where ri is the separation between the donor and the i-th acceptor. 
Now, having n donors excited at once, we would like to calculate 
the probability that at least one donor passes its energy to any 
acceptor via FRET. We can use the probability of the 
complementary event, i.e., none of the donors passes its energy via 
FRET, which is: 
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where rki is the separation between the k-th donor and the i-th 
acceptor. Finally, the probability of at least one FRET process in 
the (n, m) FRET channel is given by: 
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(4) 
This probability can be understood as the FRET (n, m) efficiency.  
The FRET process may be used to create a communication channel. 
When bit ‘0’ is going to be sent, it is realized by keeping the donors 
in the ground state, so there is no transmission. Thus, ‘0’ is always 
sent successfully. On the other hand, when sending bit ‘1’, all the 
donors are excited and the transmission is successful with the 
probability En,m. This channel and the probabilities of correct and 
erroneous transmissions of both bits are illustrated in Fig. 1. The 
delay of the FRET process is very small, 10-20 nanoseconds or 
even less. When sending a bit sequence, one must, however, wait 
after each transmission to have the acceptors (receivers) release 
their energy. It is thus safe to assume that a bit may be transmitted 
once per 40 nanoseconds, which results in the maximal throughput 
of 25 Mbit/s [13]. 
3. THE MOBILE FRET NETWORK 
As explained in the previous section, the FRET efficiency highly 
depends on the distance: it decreases with the sixth power of the 
donor-acceptor separation. Thus, nano-machines that would like to 
communicate via FRET should approach very close each other, at 
least for a time period suitable for data transmission. Such a 
situation may happen in a mobile nanonetwork where the 
nanonodes have capabilities to move through their environment.  
In this paper, we consider a scenario of a mobile nanonetwork 
motivated by a real biological situation. We analyze antibodies 
moving on the surface of a mast cell. Mast cells are common parts 
of an immunological system of each human or animal body. These 
cells, having the average diameter of about 10 micrometers, are 
covered by a lipid membrane. There are, on average, 40 thousand 
of antibodies (immunoglobulin) on the surface of each mast cell. 
Each antibody is attached to an Fc receptor, which can, however, 
float freely in the lipid membrane (Fig. 2).  
As we described in our previous works [15, 13], antibodies are very 
well suited to act as nanomachines. They may perform several 
functions in living organisms, recognizing and binding other 
molecules. Smaller molecules called fluorophores may be mounted 
on the antibodies (in life sciences, the process of attaching 
fluorophores to antibodies is called labeling). The fluorophores 
serve as nanoantennas and communicate with other fluorophores 
mounted on other antibodies via FRET (Fig. 3).   
The antibodies together with Fc receptors move over the surface of 
the lipid membrane fueled by Brownian motion. As Brownian 
motion is a random process, it cannot be exactly predicted if two 
specific antibodies approach each other during their movement. 
Having in mind a quite high density of antibodies on the lipid 
membrane, about 30 molecules per square micrometer, we can, 
however, assume that antibodies are frequently coming very close 
to each other. These moments of closeness enable for an exchange 
of information than can be further routed through the whole 
nanonetwork using, e.g., opportunistic communication schemes 
[12].  
In this paper, we focus our study on a pair of antibodies located 
close enough to each other that the FRET communication is 
possible. Because of the randomness of the antibodies movement, 
we cannot predict the exact moment of time when they approach 
each other. Instead, we track their movement when they are already 
in a close distance and they move freely, via Brownian motion, 
which finally makes them separated. We calculate the efficiency of 
the FRET transmission, the channel bit error rate, and, finally, the 
capacity of the communication channel.  
4. SIMULATION SCENARIO 
The analysis of the scenario described above has been performed 
via simulations by using suitable structural models of all the 
network components. The molecular structures of antibodies, 
immunoglobulin G (acting as our nanomachines), have been taken 
from Protein Data Bank, using the 1IGT model [14]. These 
antibodies are about 15 nm long, with a characteristic shape of 3-
element airscrew (Fig. 3). As fluorophores (nanoantennas), we 
have chosen Atto 610 dyes as donors and Atto 655 dyes as 
acceptors. The Förster distance between Atto 610 and Atto 655 is 
quite large, i.e., 7.6 nm, which is very advantageous for efficient 
FRET transmission. Fluorophores are much smaller particles, with 
the diameter of about 1.5 nm. The models of both fluorophores are 
available at PubChem [2, 3]. Both Protein Data Bank and PubChem 
are chemical databases providing free access to their content. 
 
Fig. 4. FRET efficiency for two communicating nanomachines 
as a function of their separation. Degree of labeling (DoL) of 
both nanomachines ranges from 2 to 9. 
 
 
Fig. 5. FRET efficiency for two communicating nanomachines 
moving via Brownian motion. Degree of labeling (DoL) of 
both nanomachines ranges from 2 to 9. 
 
The typical degree of labeling (the number of donors/acceptors per 
antibody) for Atto dyes ranges from 2 to 9 [4] and these values were 
simulated. The bonds between the fluorophores and antibodies are 
of NHS ester type [1], therefore, analyzing the molecular structure 
of immunoglobulin G we could state there were 25 possible binding 
positions of fluorophores on the antibody. The exact positions were 
chosen randomly in each simulation run. 
Each immunoglobulin G antibody was attached to its suitable 
receptor, which was FcRII [9]. Receptors were working as carriers 
moving the antibodies around; they were floating in the lipid 
membrane fueled by Brownian motion.  The movements of each 
complex of the FcRII receptor and antibody labeled with Atto 
fluorophores was simulated according to the formula describing 
Brownian motion [10]:  − ~0,  −   (5) 
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 Fig. 6. Examples of FRET efficiency changes as a function of 
time. 
 
In the formula above, B(t1), B(t1) represent positions of an antibody 
at times t1, t2 respectively, so B(t1)- B(t2) is a shift of the antibody 
in the time interval t2-t1. The shift is a Gaussian random variable 
with 0 mean and σ2(t2-t1) variance. In Brownian motion, σ2 is given 
by:  = !" (6) 
where D is the free diffusion coefficient of the considered particle 
propagating in the specific medium and α is 1, 2 or 3 in 1-, 2- or 3-
dimentional system, respectively. 
5. FRET EFFICIENCY RESULTS 
The purpose of the conducted FRET efficiency simulations was 
twofold. First, we measured how the FRET efficiency depended on 
the average distance between the communicating nanomachines. 
The nanomachines considered here, i.e., immunoglobulin G 
antibodies with Atto fluorophores, were irregular molecular 
structures (see Fig. 3), so their relative orientation on the lipid 
membrane and the exact positions of the fluorophores on antibodies 
had a significant impact on the FRET efficiency. The simulations 
were thus conducted 1000 times; each time the nanomachines 
orientation and fluorophores positions were chosen randomly. The 
distance between the nanomachines was calculated as a separation 
between the centers of the Fc receptors where the antibodies were 
attached. For close distances, smaller than 15.8 nm, there were 
cases where antibodies overlapped each other. Such cases were 
obviously removed from the calculations. The results, i.e., the 
average FRET efficiency as a function of the distance between the 
nanomachines, are presented in Fig. 4. 
Second, we investigated how long the communication might take 
place. Assuming that two antibodies were already very close to 
each other (just 1 nm of surface-to-surface separation), we 
simulated their movements with Brownian motion and calculated 
how the FRET efficiency depended on time. The simulation results 
for different degrees of labeling are given in Fig. 5; they are 
averaged over 1000 simulation runs. For comparison, in Fig. 6, 
three examples of single runs are presented. We can see that large 
deviations in FRET efficiency may occur even during 200 
nanoseconds which corresponds with the time of sending only 5 
bits (see Section 2). 
 
Fig. 7. Bit error rate for two communicating nanomachines as 
a function of their separation. Degree of labeling (DoL) of 
both nanomachines ranges from 2 to 9. 
 
 
Fig. 8. Bit error rate for two communicating nanomachines 
moving via Brownian motion. Degree of labeling (DoL) of 
both nanomachines ranges from 2 to 9. 
 
6. BER AND CHANNEL CAPACITY 
While FRET efficiency is a physical parameter informing us how 
successful the FRET phenomenon is at transmitting signals, we 
would like to measure more parameters of the communication 
channel, i.e., the bit error rate and the channel capacity.  
The channel bit error rate may be easily calculated on the basis of 
the channel model given in Section 2 and the given FRET 
efficiency. The channel is not symmetric (see Fig. 1): bit ‘0’ is 
always transmitted correctly, while transmitting bit ‘1’ is erroneous 
with the probability of 1 − E. Thus, assuming that transmissions of 
‘0’ and ‘1’ are equally probable, the bit error rate is equal to: BER = 0.51 −  (7) 
Therefore, having the statistics of FRET efficiency (Figs. 4 and 5), 
we may also present the respective bit error rate curves (Figs. 7 and 
8). In Fig. 7, the bit error rate as a function of the distance between 
the nanomachines is given, while in Fig. 8 we show the BER 
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statistics for the case of two nanomachines moving with Brownian 
motion. From these figures, we can see that BER values typical for 
telecommunication systems, i.e., below 10-3, are really hard to 
obtain in real nanoscale scenarios. In the best case, when the degree 
of labeling is high, BER is about 10-1. It has an impact on coding 
schemes that could be applied: the codes should probably contain 
more redundancy (a detailed analysis of suitable coding techniques 
is however outside of scope of this paper). 
Finally, we analyzed the relative channel capacity. Relative 
capacity is calculated with reference to its highest possible value, 
which was assessed as 25 Mbit/s (see Section 2). It can be 
calculated as the mutual information of channel input and output, 
maximized over all possible input distributions: 
( = max,- ../0, 1-∈34∈5 log 9 /0, 1/0/1: (8) 
where X and Y are channel input and output random variables, p(x) 
and p(y) are their distributions, and p(x,y) is their joint distribution. 
For the FRET communication channel (see Fig. 1), we can easily 
calculate the probability distributions p(x), p(y), and p(x,y) as 
functions of E and P0 (which is the probability that the input is ‘0’) 
and then the channel capacity. 
The relative channel capacity is illustrated in Fig. 9. The capacity 
clearly increases with the FRET efficiency (the red dashed curve) 
and it approaches 1 with E → 1. The blue solid curve shows how 
the optimal P0 depends on E: for E → 1; the optimal P0 approaches 
0.5, i.e., inputs ‘0’ and ‘1’ should be equally probable. For low 
values of E, the optimal P0 is however higher, reaching about 0.6 - 
0.65, which means that input ‘0’s is more favorable: it is intuitive, 
as ‘0’s are transmitted without errors. 
While controlling the value of P0 is possible with a proper source 
encoder, in practice it is almost unfeasible, as the FRET efficiency 
may change very frequently (see Fig. 6 for some examples). It 
would be much more practical to have P0 fixed. The green dotted 
curve in Fig. 9 shows that keeping P0 = 0.5 is a quite good choice: 
the relative channel capacity is very close to the maximal one. 
7. CONCLUSIONS 
In this paper, we analyzed a biologically motivated case of mobile 
nanonetworks. We considered a network consisting of protein 
complexes (immunoglobulin G, each about 15 nm long and its 
receptor FcRII) moving via Brownian motion on the surface of a 
leukocyte cell. The moving proteins occasionally closely approach 
each other, creating opportunities for communication. There are 
fluorophores (smaller molecules, each about 1.5 nm of diameter) 
attached to each protein, acting as nanoantennas. Fluorophores may 
send and receive signals exploiting Förster Resonance Energy 
Transfer as a physical phenomenon.  
Using molecular models of proteins and fluorophores, as well as 
the theory of diffusion-based Brownian motion, we simulated the 
movements of proteins and the communication between them. We 
calculated the FRET efficiency which expresses the information 
transfer efficacy and then the respective bit error rate and channel 
capacity. The results show that the transmission with the 
throughput of several Mbit/s may be maintained over a few 
thousand of nanoseconds, especially when the transmitting and 
receiving nanomachines (proteins) are equipped with large number 
of nanoantennas (fluorophores). 
 
Fig. 9. The channel capacity as a function of FRET efficiency 
in two cases: for P0 = 0.5 (green dotted curve) and for the 
optimal P0 (red dashed curve). The value of the optimal P0 is 
additionally presented as a blue solid curve. 
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